In this study, a bench-scale bubbling fluidized bed (BFB) gasifier and thermogravimetric analyzer (TGA) were applied for the determination of the thermochemical conversion reactivity of biomass fuels under both gasification and pyrolysis conditions. Six different biomass feedstocks, namely; straw pellet (SP), softwood pellet (WP), torrefied wood chips (TWC), pyrolysis char (PC), milled sunflower seed (MSS) and dried distillers' grains and solubles (DDGS) were investigated. TGA of biomass feedstocks were carried out under pyrolysis conditions at four different heating rates (2-15 °C/min). Raw data obtained from the experiments were used to calculate the kinetic parameters (A, Ea) of the samples by using two different models; Coats-Redfern and Isoconversional Method. TGA analysis showed that pyrolysis char was the only sample having decomposition temperature above 800 K since it was the prepyrolized sample before gasification. According to Derivative Thermogravimetric Analysis (DTG) profiles, two peaks and two shoulders at around 450-650 K were observed for DDGS whereas no peaks were detected for pyrolysis char as the indication of absence of volatiles/cellulosic components. It was seen that the highest devolatilization rates and devolatilization temperatures (associated mainly with cellulose decomposition) were obtained for softwood and torrefied wood samples, which had the least char yields among the other biomass feedstocks. It was seen that WP was more reactive for thermochemical conversion and less prone to agglomeration. Furthermore high ash content and agglomeration index of MSS were the potential drawbacks in front of its utilization via thermochemical conversion. During the air gasification of these feedstocks (except DDGS), the product syngas was characterized in terms of main gas composition, tar, and sulfur compounds. It was shown that the highest cold gas efficiency, carbon conversion and calorific value were obtained for the gasification of SP. On the other hand, SP had some drawbacks regarding its high agglomeration tendency and low deformation temperature. Among all feedstocks, gasification reactivity of MSS was found to be quite poor. MSS seemed to expose to pyrolization instead of gasification. WP and TWC were gasified with acceptable conversion values and efficiencies when compared with SP. It was understood that WP is the preferred choice for the thermochemical conversions.
INTRODUCTION
Biomass can be a generous source for energy, fuels, and chemicals (1, 2) . Gasification is a process for converting lignocellulosic biomass and/or agricultural wastes into fuel gases (having BTU of 5-15 MJ/Nm 3 ) using air, air/oxygen, steam, CO2, or their combinations as gasification agents. The syngas produced can be directly utilized as fuels for heat and electricity generation, or as feedstocks for chemical production such as methanol, ethanol, dimethyl ether, and FischerTropsch oils (3) . Many studies were conducted to evaluate the efficiency and performance of the biomass gasification process. Gasification characteristics of various types of biomasses were investigated such as: sugarcane residue (4), rice hulls (5), pine sawdust (6), almond (7, 8) ,
wheat straw (9) , food waste (10) , and wood-based biomass (11) . Lignocellulosic biomass is mainly composed of cellulose and hemicellulose (60-80% dry basis), lignin (10-25%), some extractives, minerals, and small amounts of sulfur, nitrogen, and chlorine (12) . The amount of these elements varies depending on species and location (13) . Three main components of lignocellulosic biomass show different decomposition profiles during pyrolysis. Hemicellulose dehydrates at 90°C and reaches a maximum decomposition rate at around 300 °C whereas cellulose begins to decompose after hemicellulose and reaches a maximum decomposition rate at 400 °C approximately. Lignin has more complex structure than hemicellulose or cellulose, its thermal decomposition occurs between 300 and 600 °C (14) . A simplified mechanism for biomass gasification can be represented as follows, consisting of four overlapping aspects (15):
(1) Pyrolysis: Biomass → Char, H2, CO, CO2, H2O, CH4, CnHm, tars, etc.
(2) Tar cracking: Tar → H2+CO+CO2+etc. reported that lignin contributed to higher H2 yields than cellulose (16) . In a study by Kumabe et al., carbon conversion efficiencies for cellulose, hemicelluloses, and lignin were reported as 97.7%, 92.2%, and 52.8%, respectively (11) . They also stated that the gasification products were similar for lignin and hemicelluloses, whereas cellulose produced higher amounts of CO2 and CH4 in the product gas. 
MATERIALS AND METHODS

Characterization of the biomass feedstocks
The straw pellet (SP), softwood pellet (WP), torrefied wood chip (TWC), pyrolysis char (PC), 
Experimental apparatus: Bubbling fluidized bed gasifier
The gasification experiments were performed in a 20 kWth atmospheric bubbling fluidized bed gasifier, shown in Figure 1 . The gasification reactor made of AISI 310S stainless steel, with a height of 2.29 m and an inner diameter of 82 mm. Four thermocouples, T/C-1, T/C-2, T/C-3 and T/C-4, were installed to measure the temperature at the axis of the reactor. The thermocouples were of type K. Two electrical furnaces were used to heat the reactor. Two screw feeders, positioned one on top of the other, were used to feed the biomass fuel to the reactor. Nitrogen gas at ambient temperature was used to facilitate the fuel feeding. Air, as a gasification agent, was fed to the gasifier at ambient temperature by means of an air compressor. All flow rates
were measured/controlled with a rotameter. The particle sizes of SP, WP, TWC, PC, MSS and DDGS were in the range of 0.5-1.0 mm. The fuel feeding rates of the feedstocks, equivalence ratios (ER) and typical operation parameters were given in Table 2 . Silica sand (99.2% SiO2, 0.5% Al2O3 and 0.1% Na2O) was used as the bed material. The bed material had a mean particle size of 450 µm. 
Syngas characterization
Product gas leaving the gasifier passed from the cyclone where the particulates in the product gas were captured. Two T unions were placed at the cyclone outlet. One of them was connected to a sulfur inert tube, a vacuum pump, and a Tedlar bag. This line was used for sampling of syngas and for measurement of its composition, along with the contaminants like H2S, COS and NH3. EPA 15 Method "Determination of hydrogen sulfide, carbonyl sulfide, and carbon disulfide emissions from stationary sources" was applied and Agilent 6890N gas chromatograph equipped with pulsed flame photometric detector was used to analyze the sulfur-based compounds. Total sulfur content of the gas samples was measured by Analytic Jena multi EA® 5000 UV Fluorescence as well.
Syngas composition (CO, CO2, H2, CH4, and O2) was measured with an ABB AO2040 online gas analyzer. CO, CO2, and CH4 were detected by the non-dispersive infrared absorption technique, whereas hydrogen and oxygen were analyzed with thermal conductivity and paramagnetic detectors, respectively. The N2 component of the product gas is calculated from the balance. The amounts of C1 -C5 hydrocarbon components of the syngas were determined by gas chromatographic measurements equipped with flame ionization detector (FID), by sampling through the Tedlar bags. The second T union at the cyclone outlet was used for tar sampling.
Tar compounds were collected according to the tar protocol (DS/CEN/TS 15439). Iso-propanol was used as a solvent for tar trapping. Tar compounds were analyzed by a GC-FID.
RESULTS AND DISCUSSION
Biomass Feedstock Characterization
The results of proximate and ultimate analysis together with the higher heating values of the samples are given in Table 3 . As it is seen in the table, PC has the highest fixed carbon and the lowest volatile matter content amongst the others, which is the indicative of its pyrolized nature.
WP and SP are seen to have nearly the same amount of moisture and fixed carbon. On the other hand, the fixed carbon content of torrefied wood chips was 8% higher than that of WP as expected due to the release of its volatile matter upon torrefaction. Regarding the ash, wood was distinguished with its low ash content while MSS and DDGS were the ash-rich samples among the others. It is known that woody samples usually contains relatively low amount of ash while straw, bark, grasses and grain have significantly higher ash contents [19] . Tables 4, 5 and 6 show the chemical analysis of the ash, ash melting temperatures and calculated agglomeration indexes for all samples, respectively. It is known that high levels of alkali/alkaline metals and chlorine content are responsible for fouling, corrosion, sintering and agglomeration during combustion and gasification processes (20) . It was seen in the Tables that MSS and DDGS have higher amounts of alkali and alkaline earth metals (K, Na, Ca, etc.) than the others, which react with silica to form alkali and alkaline earth metal silicates with low melting temperatures.
When the fuel analysis results of the samples were compared, SP, MSS and DDGS were the samples with relatively high ash content. On the other hand, in terms of agglomeration index of (Si+P+K)/(Ca+Mg), these samples seemed to be more prone to agglomeration during thermochemical conversion as well. The lowest ash fusion temperatures of these samples supported its agglomeration tendency. This is thereof high Na2O and K2O contents of their ash. (14) .
Alkali metals are good catalysts for carbon-gas reactions. A number of experimental and modeling studies have been conducted to observe and predict ash behavior in gasification systems (23, 24) . It was found that the order of retention in the bed for different elements is Ca > K > Mg > P (20) . Therefore, the alkali metal content of the samples might have a catalytic function during combustion and gasification.
Pyrolysis experiments of biomass feedstocks with TGA
Thermal decomposition of biomass is influenced by many factors such as heating rate, temperature, pressure, residence time, moisture, composition, and particle size. In this study, all six biomass feedstocks were pyrolyzed under the conditions given in Table 1 . Thermographs were taken at four different heating rates (2-15 °C/min) from 25 to 850 °C under N2 atmosphere.
The change of weight loss (TG) and derivative weight loss (DTG) profiles of these feedstocks with heating rates were plotted and evaluated. Effect of heating rate on the TG/DTG profiles for SP was given as an example in Figure 2a Derivative weight loss curves.
There are many methods for analyzing non-isothermal solid-state kinetic data from TGA (24) (25) . These methods can be divided into two types: model-fitting and model-free. Model-fitting methods were widely used for solid-state reactions because of their ability to directly determine the kinetic parameters from a single TGA measurement. However, these methods suffer from several problems, such as their inability to uniquely determine the reaction model, especially for non-isothermal data. On the other hand, the model free methods require several kinetic curves to perform the analysis. Calculations from several curves at different heating rates are performed on the same value of conversion, which allows calculating the activation energy for each conversion point. In this study, the results obtained from TGA were elaborated according to
Coats-Redfern (model fitting) and Isoconversional (model free) methods to calculate the kinetic parameters; namely apparent activation energy (Ea) and pre-exponential factor (A) of biomass feedstocks. It was seen that the choice on the starting and ending points of decomposition stages was determinative in model fitting methods, whereas model free methods were evaluated to be independent from the choice of the stages and gave more freedom to the user. Thus, evaluations were progressed on the model free methods. The values obtained for pyrolysis char was questionable since the decomposition profiles were in poor quality due to its high fixed carbon content. So PC was disregarded in the evaluations. For isoconversional method, activation energies at 40% and 60-70% conversions, which can be taken as a measure of holocellulose (hemicellulose+cellulose) decomposition, were compared for other five samples (Table 6 ). Based on the fixed carbon and ash contents of the samples, activation energies were changed as well.
In case of TWC, activation energies at 40% and 70% conversions were 189.8 and 377.3 kJ/mole, higher than those values for non-torrefied wood (WP). Similarly, SP gave activation energies changing between 197.8 kJ/mole and 202.4 kJ/mole. It was seen that the lowest activation energies were obtained for WP as an indication of its higher reactivity to thermochemical conversion. 
Gasification experiments in BFB gasifier
The syngas compositions obtained during the gasification study were given in Table 7 . Calculated gasification yields such as cold gas efficiency, carbon conversion, gas yield and calorific values of the syngas were reported in Table 8 . When the results were evaluated, it was seen that MSS produced the highest tar yield (~ 32.8 gC/Nm 3 ), compared with the other biomasses whilst TWC has the lowest tar amount as ~ 1 gC/Nm 3 . Torrefaction was considered to have an effect on decreasing the tar content. The lowest carbon conversion and cold gas efficiency were obtained with MSS and PC. This was expected for PC since it was the pre-pyrolized sample before the gasification. On the other hand, gasification reactivity of MSS was found to be quite poor. It seemed that MSS was exposed to pyrolization instead of gasification. This might be related to its lower bulk density and poor fluidization conditions inside the gasification reactor. Considerably 10 times less tar was produced during the gasification of torrefied sample (TWC) in relation to its non-torrefied counterpart (WP). Carbon conversions and cold gas efficiencies were also decreased from 69.7% and 56% to 59.1% and 53% upon torrefaction. According to X. Ku et al., intensified energy density of torrefied biomass needs a longer oxidation period, therefore a gasifier for torrefied biomass requires longer gasification zones to reach the same level of conversion (26) . Although this was claimed for entrained flow gasification, a similar case might be valid for bubbling bed gasification as well. The tar compounds analysis with respect to biomass feedstock types as shown in Table 9 , relatively higher concentrations of lignin-degraded phenolic compounds were present in MSS. It is known that the phenol and benzene derivatives in the tar products were mainly resulted from lignin decomposition by cleavage of its ether linkages at a higher temperature (27) . Therefore, this might be the indication of relatively high lignin content of MSS compared to other samples. 
CONCLUSIONS
Determination of the thermochemical conversion reactivity of six biomass feedstocks (straw pellet (SP), softwood pellet (WP), torrefied wood chips (TWC), pyrolysis char (PC), milled sunflower seed (MSS) and dried distillers' grains and solubles (DDGS)) under both pyrolysis and gasification conditions were studied. When the feedstock analysis results were compared, WP and TWC were the samples with relatively low ash content. On the other hand, in terms of agglomeration index (Si+P+K)/(Ca+Mg), SP seemed to be more prone to agglomeration during thermochemical conversion. The lowest ash fusion temperatures of SP supported its agglomeration tendency as well. Calculated activation energies and characterization studies of biomass feedstocks were indicated that, WP was more reactive to thermochemical conversion and less prone to agglomeration. Although MSS gave comparable activation energies with the WP, its high ash content and agglomeration index were the potential drawbacks in front of its utilization via thermochemical conversion. In the scope of gasification experiments, the highest cold gas efficiency and carbon conversion were obtained for the gasification of SP. On the other hand, SP had some drawbacks such as its high agglomeration tendency and low deformation temperature. It was observed that MSS produced the highest tar yield compared with the others This might be related to its lower bulk density and poor fluidization conditions inside the gasification reactor favoring fast pyrolysis conditions instead of gasification. WP was gasified with acceptable conversion values and efficiencies when compared with SP. When characterization results were evaluated together with the gasification studies, it was seen that WP would be the preferred fuel for an efficient and effective thermochemical conversion. 
